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Measurement of the Auger Parameter and Wagner Plot for 1

Uranium Compounds2

K. S. Holliday, W. Siekhaus, A. J. Nelson3

Lawrence Livermore National Laboratory, 7000 East Avenue, Livermore CA 94551 USA4

In this study the photoemission from the U 4f7/2 and 4d5/2 states and the U N6O45O45 and 5

N67O45V X-ray excited Auger transitions were measured for  a range of uranium 6

compounds. The data are presented in Wagner plots and the Auger parameter is7

calculated to determine the utility of this technique in the analysis of uranium materials.8

It was demonstrated that the equal core level shift assumption holds for uranium. It was 9

therefore possible to quantify the relative relaxation energies, and uranium was found to 10

have localized core hole shielding. The position of compounds within the Wagner plot 11

made it possible to infer information on bonding character and local electron density. It 12
was also shown that the oxides have similar initial state effects regardless of oxidation 13

state.14

I. INTRODUCTION15

X-ray photoemission spectroscopy (XPS) has long been used to provide information on 16

oxidation state, chemical environment, and bonding characteristics of uranium surfaces.1 The 17

binding energy of the U 4f electrons depends on both oxidation state and local environment, 18

which makes unambiguous interpretation of oxidation state based on XPS peak position 19

impossible. This is illustrated in recent work showing that even after peak deconvolution, the 20

pentavalent uranium in uraninite has the same binding energy as the hexavalent uranium in 21

brannerite.2 Another complication is that mixed valence uranium compounds have been shown to 22

have a smaller separation in binding energies than that of pure UO2 and UO3.3 One solution that 23

has found success in uranium oxides is examining the satellite features that are caused by the 24

photoelectron promoting a valence electron into the conduction band or continuum.2,4,5 This 25

results in the detection of a photoelectron with slightly less kinetic energy than the parent peak. 26
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Some of these satellite peaks, such as the satellite 8 eV from the parent peak of pentavalent 1

uranium, have been hypothesized to be exclusively due to charge transfer from the oxygen 2p 2

ligand band.4 Because the satellite phenomenon does not arise from the atomic character of the 3

uranium, it is unlikely that this technique will be able to be universally applied to a diverse 4

sampling of uranium compounds. There is a need for analyzing samples such as intermetallics, 5

used for armor or in advanced nuclear fuel, and uranium tetrafluoride which is used as a starting 6

material for the uranium hexafluoride needed in the isotope enrichment process.67

Additional information available in the XPS spectra are the peaks arising from the Auger 8

electron process. The X-ray excited Auger electron peak when combined with the core-level data 9

has been shown to be a powerful tool for gaining information on oxidation state, bonding10

character, and the local environment in other elements.7-9 The Auger parameter is defined as the 11

sum of the photoelectron binding energy and the Auger electron kinetic energy. As such, the 12

combination is independent of shifts due to charging and calibration. This makes the Auger 13

parameter a reliable value even when measuring insulators without a reliable calibration source.714

This is of particular importance with unknown uranium compounds that can contain carbon as 15

carbide, making the typical calibration to the C 1s peak incorrect.10 The Auger parameter, while 16

useful, is only a one dimensional value. More information can be obtained if the Auger electron 17

kinetic energy and core-level binding energy is plotted in a two-dimensional figure. This two 18

dimension plot known as a Wagner plot has the Auger electron kinetic energy on the ordinate 19

and the core-level binding energy on the abscissa in the negative direction.7 The relative position 20

of each compound gives information on the core hole shielding provided by the ligand 21

environment and the relative covalency of the bonding.7-9 Also, because the X-ray excited Auger22
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transition is a two electron process, it can often result in larger energy shifts as compared to the 1

photoemission process due to enhanced relaxation.2

The Wagner plot makes it possible to distinguish between initial and final state effects.7-93

The initial state is defined as the process which creates the core hole, while the final state is the 4

relaxation of the electron orbitals in response to the newly created core hole. In the initial state, 5

the binding energy of a photoelectron is dependent on three factors: the nature of that orbital as 6

defined by Koopmans’ theorem, the atomic contribution to core electron binding energy, and the 7

contribution from the surrounding atoms referred to as the Madelung potential, site potential, or 8

electrostatic self-potential. The nature of the orbital can be calculated by Hartree-Fock and 9

because we are examining a single element, uranium, this can be taken as a constant, C. The 10

atomic contribution is dependent on the valence charge, q, and the change in core potential 11

resulting from the removal of a valence electron, k. Lastly, the site potential, V, is the 12

contribution from surrounding atoms and can be thought of as the sum of net charges at defined 13

distances from the core ionized atom. Therefore, the photoelectron binding energy in the initial 14

state, Eb(i), can be defined by equation 1.15

Eb(i) = C + kq + V (1)16

In the final state of the photoemission process, the electronic states relax around the core 17

hole, which imparts additional energy to the photoelectron, changing the binding energy that is 18

detected. This relaxation energy comes from both the atomic relaxation, Ra, and from 19

contributions from surrounding atoms, Rea. This atomic and extra-atomic relaxation therefore 20

adds energy to the detected electron, which can be related to the core electron binding energy, 21

Eb(C), by equation 2.22

Eb(C) = C + kq + V - Ra - Rea (2)23
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The extra-atomic relaxation can occur by electron transfer to localized states in which the 1

bonding character is of little relevance, or the electron can be transferred to a bonding orbital in 2

which the degree of shielding that occurs is highly dependent on the character of the bonding 3

orbital. A similar explanation of initial and final state can be applied to the Auger process, where 4

the creation of the two-hole state is defined as initial and the relaxation of that state is final. It has 5

been shown that the photoemission process, including the relaxation of the initial core hole, can 6

be decoupled from the Auger process as described in the so-called two-step model. This two-step7

model combined with Eqn. 2 allows one to relate the Auger electron kinetic energy, Ek, to the 8

binding energy, Eb, as detected by XPS.9

Ek = [C + 2(V + kq)] - 3Eb (3)10

Eqn. 3 illustrates that compounds with similar initial state effects (i.e. V + kq = constant) will 11

have a linear relationship with slope of -3 in a Wagner plot (Ek vs. -Eb). By combining the 12

information of the photoemission and Auger processes one can often obtain more information 13

than is available through either process alone.14

In this study the X-ray excited Auger electron from the N67O45V and N6O45O4515

transitions, combined with the binding energy of the 4f7/2 and 4d5/2 electrons, is measured in a 16

range of uranium compounds by XPS. These results are combined in Wagner plots and the 17

Auger parameter is calculated in order to determine the utility of this technique in the analysis of 18

uranium containing compounds.19

II. EXPERIMENT20

XPS was performed on a PHI Quantum 2000 system using a focused monochromatic Al 21

Kα X-ray source (1486.6 eV) for excitation and a spherical section analyzer with 16-element 22

multichannel detection system. The X-ray beam is incident normal to the sample and the detector 23
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is 45° from normal. Spectra were collected with pass energy of 23.5 eV, giving an energy 1

resolution of 0.3 eV that when combined with the 0.85 eV full width half maximum (FWHM) Al 2

Kα line width gives a resolvable XPS peak width of 1.2 eV. Deconvolution of non-resolved 3

peaks was accomplished using Multipak 9.2 (PHI) curve fitting routines with asymmetric or 4

Gaussian-Lorentzian line-shapes and a Shirley background. The collected data were referenced5

to an energy scale with binding energies for Cu 2p3/2 at 932.72 +/- 0.05 eV and Au 4f7/2 at 84.01 6

+/- 0.05 eV. Binding energies were also referenced to the C 1s photoelectron line arising from 7

adventitious carbon at 284.6 eV.10 Low energy electrons and ions were used for specimen 8

neutralization. The Auger peak position was determined by the minimum of the first derivative, 9

performed within the MultiPak software, as is the common practice in Auger spectroscopy.1110

Eqn. 4 is used to determine the kinetic energy of the Auger electron (KE) with a work function11

(Φs) of 3.9 eV, the X-ray excitation energy (hν), and the binding energy (BE) which is 12

determined from the peak position in the XPS spectrum. The surface of the sample was polished 13

using SiC and diamond lapping films and/or sputtered with 3kV Ar+ ions. Sample history, 14

characterization and surface treatments are summarized below.15

KE = hν – BE – Φs (4)16

Two samples of uranium metal were analyzed in this study. One is pure uranium while 17

the other was treated by ion implantation of C+, which has been found to minimize surface 18

oxidation.12,13 Details on both samples are reported by Nelson et al.14 Oxidation at the surface 19

was removed by mechanical polishing followed by Ar+ sputtering. The samples gave identical 20

results with the exception of greater oxide contamination of pure uranium due to fast oxidation21

kinetics.22
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It is well documented that a thin layer of U4O9/U3O7 will grow on UO2 when exposed to 1

air at ambient conditions.15,16 A single crystal of UO2 that has been exposed to the laboratory 2

environment for greater than 25 years was examined by XPS without any surface treatment as an 3

example of tetra/penta-valent mixed uranium oxide.17 The sample was then mechanically 4

polished and sputtered to expose the underlying UO2 single crystal for analysis. Both the 5

U4O9/U3O7 layer and underlying UO2 crystal have been characterized in detail.18-206

A sample of amorphous UO3 was prepared by precipitation of uranium oxy-hydroxide 7

from uranyl acetate solution with base and calcined at 450°C in air to form the oxide. This was 8

confirmed to be UO3 through subsequent XPS analysis. The sample was then heated to 750°C in 9

air to form U3O8, an example of the penta/hexa-valent mixed uranium oxide.17 No surface 10

treatment was necessary for the analysis of UO3 and U3O8. The methodology used for the 11

preparation of UO3 and U3O8 can be found in the review of Grenthe et al.612

A single crystal of UF4 was synthesized by reacting UO2 with HF at elevated 13

temperatures in the Y-12 plant in Oak Ridge, Tennessee.21 It was determined that Ar+ sputtering 14

with as little as 0.5 kV acceleration preferentially removed fluorine from the surface, 15

significantly altering the surface composition. Therefore, the sample was mechanically polished 16

to remove minor surface contamination that had occurred during laboratory storage. XPS 17

analysis confirms that the sample is uranium tetrafluoride.18

Lastly, an intermetallic sample, URu2Si2, was analyzed. It has gained considerable 19

interest in the last 20 years as a heavy fermion compound and has unusual electronic and 20

magnetic behavior at low temperatures.22-24 A single crystal of URu2Si2 was grown using the 21

Czochralski method and then annealed at 900°C for 7 days. The synthesis and characterization of 22

this sample can be found in previous publications.25,2623
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III. RESULTS AND DISCUSSION1

The U 4f7/2,5/2 spin-orbit pair are adequate in characterizing known mono-valent uranium 2

species as can be seen in Fig. 1. The signal to noise is lower in URu2Si2 because of the shorter3

analysis time used to minimize the signal from oxide ingrowth. The peak positions for each 4

species are sufficiently separated to allow identification. Additionally, the peak shape yields 5

information about the electronic structure. Specifically, the asymmetry of the U 4f peak in6

metallic U and intermetallic URu2Si2 is due to the manifold of states near the Fermi level. In 7

UO2, there is a satellite peak at ~6.5 eV higher binding energy from the parent peak, which is8

due to the promotion of an oxygen 2p electron that has bonding character with the U 5f state.49

Because UO3 has no electrons occupying the 5f state this is not possible, and the satellite is not 10

observed. In UF4, the U 4f7/2 peak is shifted to higher binding energy (382.6 eV). It has a satellite 11

feature similar to the other tetravalent uranium sample (UO2), in this case arising from the12

promotion of the fluorine 2p electron. Because the fluorine 2p state is at a higher binding energy 13

than the oxygen 2p, there is a greater separation (7.5 eV) between the main peak and satellite 14

feature of UF4 as compared to UO2. The relative positions of the oxygen and fluorine 2p bands 15

can be seen in the valence band spectra shown in Fig. 2. The manifold at the Fermi level of the 16

metal and intermetallic samples as well as the absence of an occupied 5f state in UO3 are also 17

apparent in Fig. 2. The relative position of the U 4f peaks for UF4, UO2, and UO3 [Fig. 1] 18

illustrate the difficulty in identifying uranium based compounds based on peak position alone. 19

The U 4f7/2 binding energies for tetravalent uranium species span from UO2 at 380.0 eV to UF420

at 382.6 eV, while the hexavalent uranium as UO3 appears within this range at 380.8 eV. 21

Additionally, the separation between tetravalent and hexavalent uranium oxides is only 0.8 eV, 22
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which makes unambiguous determination of mixed oxidation states impossible by peak position 1

alone.2

To gain additional information on the sample, the region at high binding energy (low 3

kinetic energy) was collected to record the Auger transitions of uranium. The X-ray excited 4

N6O45O45 and N67O45V Auger transitions for uranium metal are shown in Fig. 3. These peaks are 5

less intense than the photoemission peaks and appear in a region with increasing background. 6

Nevertheless, it is apparent that the onset peak position can be accurately determined by the 7

minimum of the first derivative, as is commonly used for Auger spectroscopy. The N67O45V 8

transition appears near a binding energy of 1200 eV, while the N6O45O45 transition is a doublet 9

that is near a binding energy of 1300 eV. The precise peak position was then used to calculate 10

the Auger electron kinetic energy according to Eqn. 4. The lowest binding energy peak of the 11

N6O45O45 transition was used as the peak position, because it was the most intense. The binding 12

energies of the U 4f7/2 and 4d5/2 peaks along with the kinetic energy of the Auger electrons from 13

the N67O45V and N6O45O45 transitions can be found in Table 1.14

The U 4f7/2 peak is the most intense and sharpest peak for uranium compounds and is 15

therefore the most commonly used in uranium characterization. Because of the high background 16

in detecting low kinetic energy electrons by XPS and the maximum excitation energy of Al Kα 17

X-rays, the effective range for detecting Auger electrons is 100 – 1000 eV kinetic energy based 18

on a U 4f initial core-hole. Within this range the N6O45O45 is the most intense Auger transition 19

that does not involve a valence band electron.10,11 Figure 4 presents the Wagner plot of the U 20

4f7/2 photoemission and N6O45O45 Auger transition. As can be seen in Fig. 4, all uranium 21

compounds, with the exception of UF4, have an Auger parameter of ~564 eV. The consistency of 22

the Auger parameter in uranium compounds across various oxidation states and ligand 23
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environments indicates localized shielding. The Auger parameter of UF4 is significantly lower at 1

562 eV. The difference in UF4 is attributed to the extremely low polarizability of the fluorine 2

atom, which is also seen in the electronegativity (XF = 3.98, XO = 3.44).8 Because of this, the 3

fluorine atom contributes very little electron density to shield the U 4f core hole resulting in a 4

lower relaxation energy. This manifests in the Wagner plot as a lower Auger parameter because 5

an increase in relaxation energy would increase the Auger electron kinetic energy. It is apparent 6

in the Wagner plot that for nearly all uranium compounds the shift in the N6O45O45 Auger line is 7

equal to the shift in the 4f7/2 photoemission line and little is gained in identification of an 8

unknown. Nevertheless, a difference in Auger parameter could be an indication of a change in 9

chemistry such as was the case in UF4.10

The N67O45V Auger transition is more intense than the N6O45O45 Auger transition and is 11

greater influenced by the surrounding atoms, because it involves the valence band directly. The 12

Wagner plot of the N67O45V Auger transition and 4f7/2 photoemission is presented in Fig. 5. The 13

overall positions of compounds remain the same as the Wagner plot with the N6O45O45 transition14

[Fig.4]. The uranium metal is still in the upper right, and the fluoride in the bottom left. The 15

oxides remain clustered in the middle. There are however, some shifts that are significantly 16

different due to the participation of valence electrons in the Auger process. The oxides have a 17

larger shift in the Auger kinetic energy than in the photoemission process [Fig. 5]. This spreads 18

the oxides in the vertical direction of the plot and they no longer appear with a consistent Auger 19

parameter. The difference between the UO2 and UO3 Auger parameter is nearly 1 eV. Because 20

the Auger parameter is independent of charging and calibration concerns, this small shift may be 21

useful in determining unknown oxidation states. The oxides also group along a line with slope of 22

-3, which appears as +3 because of the negative orientation of the x-axis. As discussed earlier, 23



Page | 10
LLNL-JRNL-591152

this is an indication of similar initial state effects, where the sum of the site potential and 1

effective charge is a constant. O’Keeffe discusses this concept at depth, and has shown through 2

calculations that site potential scales with effective charge.27 This behavior has also been 3

observed experimentally for aluminum in zeolites.7 In the case of zeolites, aluminum is also 4

directly coordinated to oxygen. It was found that zeolite compounds along the line with slope of 5

-3 were grouped according to coordination number. This trend is not found in uranium oxides, 6

but instead uranium oxides seem to transition smoothly by oxidation state. 7

In relation to the oxides, the metal and intermetallic URu2Si2 appear at lower Auger 8

kinetic energy in the case of the N67O45V transition [Fig. 5] as compared to the N6O45O459

transition [Fig. 4]. This can be explained by noting the binding energy of the emitted Auger 10

electron in each case. For the N6O45O45 Auger transition the electron is emitted from a core level 11

that is localized at the U atom. Because of this, it has a relaxation in response to the two-core-12

hole state that imparts greater energy to the emitted electron. For the N67O45V Auger transition 13

the electron is emitted from the valence band, which in the case of the metal and intermetallic is 14

delocalized. Because this state is delocalized, it has lower relaxation energy in response to the 15

two-core-hole state than would be the case for a localized valence band, such as in the case of the 16

oxides. This results in the metallic and intermetallic appearing lower on the y-axis of the Wagner 17

plot using the N67O45V [Fig. 5] as compared to the N6O45O45 [Fig. 4] Auger transition. 18

The U 4f7/2 peak for the intermetallic URu2Si2 appears at a higher binding energy than 19

uranium metal, but does not have as high a binding energy as the U 4f7/2 state in uranium 20

compounds which have a formal positive charge. This would suggest, while uranium in URu2Si221

does not have a formal positive charge, it has less electron density than uranium in the pure 22

metal. This might be expected from the higher electronegativity of Si (1.8) and Ru (2.2) as 23
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compared to uranium (1.7). This is also consistent with electron energy-loss spectroscopy of 1

URu2Si2 in which the U 5f electron occupancy was found to be between 2.6 and 2.8, whereas 2

uranium metal has a 5f occupancy of 3.25 The UF4 sample does not show any significant 3

difference in the Wagner plot of the N6O45O45 [Fig. 4] as compared to N67O45V Auger transition 4

[Fig. 5].5

The relative relaxation energies can be determined more quantitatively if one assumes an 6

equal core level shift in uranium. This is to say that different core levels are influenced in the 7

same way because they are a localized atomic orbital. Exceptions to this assumption involve 8

known cases of spatially extended core level electrons such as the 2p of sulfur and phosphorous.79

In order to test this assumption in uranium, the U 4d5/2 photoemission peak was recorded and 10

plotted with the N67O45V Auger transition in the Wagner plot of Fig. 6. The U 4d5/211

photoemission is broader and weaker than the U 4f7/2. However, the Wagner plot has the same 12

results from both core levels showing that the equal core level shift assumption holds for 13

uranium. This can also be illustrated by plotting the Auger parameter determined with the U 4f7/214

vs. U 4d5/2 photoemission [Fig. 7]. This scatter plot has a linear fit with slope of 1 and r2 of 0.9, 15

confirming that the U 4f7/2 and U 4d5/2 produce the same core level shifts. Because of this, the 16

difference in Auger parameter (α) can be quantified as twice the difference in relaxation energy 17

(Rea).18

Δα = 2ΔRea (5)19

The Wagner plot of the U 4f7/2 photoemission and N6O45O45 Auger transition is then considered, 20

because it does not directly probe the valence band [Fig 4]. In this case it is obvious that the 21

metal, intermetallic, and oxides all exhibit similar relaxation energies. The Auger parameter of 22



Page | 12
LLNL-JRNL-591152

UF4 is approximately 2 eV lower and therefore has 1 eV lower relaxation energy due to the lack 1

of polarizability in fluorine as discussed above.2

IV. CONCLUSIONS3

The use of the Auger parameter and Wagner plot proved to be a useful tool in analyzing a 4

wide variety of uranium compounds. Combining the 4f7/2 photoemission peak with the N6O45O455

Auger transition resulted in a consistent Auger parameter for metal, intermetallic, and oxides, 6

which indicates localized shielding of the core hole and equivalent relaxation energy. UF4 was 7

found to have 1 eV lower relaxation energy due to the extremely low polarizability of the 8

fluorine ligand. This quantification was possible by demonstrating that the equal core level shift 9

assumption holds for uranium. The N67O45V Auger transition was able to give more insight into 10

the nature of the uranium bonding. In this Auger transition the metal relaxation energy was lower 11

because the delocalized valence band was less affected by the core hole than the localized 12

valence electrons of the oxides. The oxides have shown a greater shift in the N67O45V as 13

compared to N6O45O45 Auger transition. In the Wagner plot with the N67O45V Auger transition 14

and U 4f7/2 photoemission all of the oxide samples fall on a line with slope of -3. This indicates15

similar initial state effects. Previous examples of this behavior trend with coordination number, 16

while uranium oxides vary along this line according to oxidation state. This study has shown that 17

while peak fitting of the satellite features remains the most promising XPS tool for the 18

identification of valence state in oxides, analysis of the Auger parameter can yield additional 19

information on a wide variety of uranium compounds. The Auger parameter and Wagner plot 20

concepts have provided insight into initial and final state effects, as well as shielding mode, 21

relaxation energies, bonding character, and local electron densities.22
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TABLES1

Table 1 Photoemission binding energy for the U 4f7/2 and 4d5/2 states and X-ray excited Auger 2
electron kinetic energy for the U N67O45V and N6O45O45 transitions. All units in eV. 3

Compound 4f(7/2) 4d(5/2) NOO NOV

U 377.1 736.0 187.0 281.0
U (C+) 377.1 736.0 186.9 280.9

URu2Si2 378.2 736.6 185.9 280.7
UO2 380.0 738.3 184.3 280.0

UO2.25/2.33 380.1 738.5 183.8 279.6
UO2.67 380.4 738.7 183.6 279.2
UO3 380.8 183.4 278.4
UF4 382.6 740.9 179.6 274.8

4

FIGURE CAPTIONS5

Figure 1 X-ray photoemission spectra of the U 4f7/2 and 4f5/2 electronic states in uranium compounds 6
with a pure valence state.7

Figure 2 Valence band region in the XPS spectrum of uranium compounds with a pure valence state. 8
Peaks are labeled with the dominant character of the emitting orbital for UO2 and UF4 as examples. 9
These same peaks are seen in U metal, URu2Si2, and UO3, but are not labeled to reduce the clutter of the 10
figure.11

Figure 3 Auger region of the XPS spectrum of uranium metal with first derivative determined by 12
MultiPak software.13

Figure 4 Wagner plot of the U 4f7/2 photoemission binding energy and U N6O45O45 X-ray excited Auger 14
electron kinetic energy for a range of uranium compounds.15

Figure 5 Wagner plot of the U 4f7/2 photoemission binding energy and U N67O45V X-ray excited Auger 16
electron kinetic energy for a range of uranium compounds.17

Figure 6 Wagner plot of the U 4d5/2 photoemission binding energy and U N67O45V X-ray excited Auger 18
electron kinetic energy for a range of uranium compounds.19

Figure 7 Plot of the relationship between the Auger parameter that is determined using the U 4d5/2 vs. 20
the U 4f7/2 binding energy. Both are combined with the N67O45V X-ray excited Auger electron kinetic 21
energy of U. The slope of the line is 1 with R2 = 0.9.22

23

24
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